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Abstract Global contractile heart failure was induced in turkey poults by furazolidone feeding (700 ppm).
Abnormal calcium regulation appears to be a key factor in the pathophysiology of heart failure, but the cellular mechanisms contributing to changes in calcium¯uxes have not been clearly de®ned. Isolated ventricular myocytes from non-failing and failing hearts were therefore used to determine whether the whole heart and ventricular muscle contractile dysfunctions were realized at the single cell level. Whole cell current-and voltage-clamp techniques were used to evaluate action potential con®gurations and L-type calcium currents, respectively. Intracellular calcium transients were evaluated in isolated myocytes with fura-2 and in isolated left ventricular muscles using aequorin. Action potential durations were prolonged in failing myocytes, which correspond to slowed cytosolic calcium clearing. Calcium current-voltage relationships were normal in failing myocytes; preliminary evidence suggests that depressed transient outward potassium currents contribute to prolonged action potential durations. The number of calcium channels (as measured by radioligand binding) were also similar in non-failing and failing hearts. Isolated ventricular muscles from failing hearts had enhanced inotropic responses, in a dose-dependent fashion, to a calcium channel agonist (Bay K 8644) . These data suggest that changes in intracellular calcium mobilization kinetics and longer calcium-myo®lament interaction may be able to compensate for contractile failure. We conclude that the relationship between calcium current density and sarcoplasmic reticulum calcium release is a dynamic process that may be altered in the setting of heart failure at higher contraction rates.
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Abbreviations APD 50(75) action potential duration at % repolarization á BW body weight á [Ca 2+ ] 0 extracellular calcium concentration á [Ca 2+ ] i intracellular calcium concentration á CON non-failing (control hearts) á Fz furazolidone á HW heart weight á HW/BW heart weight/body weight ratio á I Ca calcium current á I-V current-voltage á K A association constant á K d dissociation constant á L max maximum peak force á OS overshoot á RMP resting membrane potential á SR sarcoplasmic reticulum á t 80 time to 80% relaxation
Introduction
While previous work has established the presence of abnormalities in intracellular calcium handling and contractile response in heart failure, the cellular processes responsible for these abnormalities have not been identi®ed and appear to vary among animal models and experimental conditions . Numerous studies of two major determinants of systolic calcium levels [i.e., L-type calcium current and sarcoplasmic reticulum (SR) calcium release] have resulted in discrepancies in the literature with regard to failing myocardium. In failing human myocardium, for example, calcium channel number as measured by dihydropyridine binding assays has been reported to be either decreased (Takahashi et al. 1992) or not changed (Gruver et al. 1994; Rasmussen et al. 1990) . In animal models, calcium channel number has been reported to be either increased or decreased, depending on the``stage of disease'' (Finkel et al. 1987; Gruver et al. 1993) . Despite reported changes in calcium channel number in human heart failure, no changes in peak calcium currents have been reported (Beuckelmann et al. 1991 (Beuckelmann et al. , 1992 . Calcium currents have been reported to be normal in a model of hypertrophy, despite enhanced contractility (Shorofsky et al. 1996 (Shorofsky et al. , 1997 . Therefore, the relationship of calcium channel number, as measured by dihydropyridinebinding assays, and/or calcium current density to myocardial contractility remain controversial.
Peak systolic and diastolic calcium concentrations in models of heart failure have also varied . In failing human myocardium, peak intracellular calcium concentration ([Ca 2+ ] i ) has been reported to be either decreased (Beuckelmann et al. 1992) or not changed (D'Agnolo et al. 1992; . At higher frequencies of stimulation, a decrease in peak [Ca 2+ ] i and an increase in diastolic calcium concentration have been reported (Pieske et al. 1995; Schmidt et al. 1998) . Therefore, it would appear that measured peak calcium concentrations may vary depending on the physiological perturbation being studied.
Currently, the relationship of calcium current and the release of calcium by the SR, or``gain'' of the system, have been implicated in the transition between normal contractility and increased contractility in the setting of compensated hypertrophy associated with hypertension (Shorofsky et al. 1996 (Shorofsky et al. , 1997 . It is thought that early in hypertrophy, when contractility is increased, the gain is similarly increased (Gomez et al. 1997; Shorofsky et al. 1996 Shorofsky et al. , 1997 . Furthermore, it is hypothesized that with the transition to failure, the gain between these two cellular mediators of excitation±contraction is decreased (Gomez et al. 1997) .
We have developed an animal model of heart failure that has been shown to re¯ect many of the functional as well as cellular changes observed in failing human myocardium . We de®ne heart failure as reduced myocardial contractility with an increase in end-diastolic heart volume and biventricular dilatation. An advantage of this model is that development and subsequent outcome of heart failure is predictable and consistent. Our interest was to use this model to evaluate the relationship of Ca 2+ regulation to that of contractile function and to compare our animal model to what has been reported in human heart-failure myocardium as well as mammalian animal models of heart failure. Therefore, we studied action potential con®gurations, calcium current, and intracellular calcium transients to better understand cellular mechanisms of heart failure and to further characterize our avian model of heart failure.
Materials and methods

Animal model
Twenty broad-breasted white turkey poults at 1 day of age were wing-banded for easy identi®cation and were housed in heated brooders. Commercial starter mash and water were provided ad libitum. The investigation conformed to the``Guide for the Care and Use of Laboratory Animals'' published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) .
At 7 days of age, twenty poults were randomized into two groups. Furazolidone (Fz)-treated animals (n 10) received 700 ppm Fz in their feed daily for 3 weeks in order to induce heart failure . Based on our experience with this model, by 4 weeks of age all of the animals given Fz develop heart enlargement with biventricular dilatation. At 4 weeks of age, the animals were euthanized and animal heart weights and body weights were obtained. Animals were randomly selected and the hearts harvested (®ve hearts per group) for isolated ventricular muscle studies and for cell isolation (n 5 per group). The hearts were quickly excised and placed in ice-cold oxygenated physiologic salt solution for isolated myocytes or in oxygenated physiologic salt solution at 37°C for isolated muscle studies. For isolated muscle studies, we used a Kreb's solution with the following composition (mM): 150 NaCl, 5 KCl, 20 NaHCO 3 , 2 MgCl 2 , 11 glucose, 2.5 CaCl 2 , pH 7.4 (95% O 2 ±5% CO 2 ). One muscle per heart (n 5 per group) was studied and a second muscle per heart was loaded with aequorin (n 5 per group). Portions of the left ventricle were freeze-clamped for later radioligand binding assays.
Myocyte isolation
We have tried without success to digest minced pieces of the heart in order to obtain viable cells (unpublished data). In this study for cell isolation, the heart was perfused retrograde through the aorta on a Langendor perfusion apparatus at 41°C and constant hydrostatic pressure of 100 mmHg as previously described . Brie¯y, hearts were continuously perfused until stable (about 20 min) and then the perfusate was switched to a calcium-free Tyrode's solution. After the heart ceased contracting (5 min) it was then perfused with a calcium-free Tyrode's solution containing type II collagenase for 20 min. The heart was then removed and the ventricles isolated and minced for further digestion with collagenase. Cells were spun at a low speed for 2 min, washed in collagenase free solution and the supernatant discarded. Isolated cells were stored in Tyrode's solution containing 2 mM Ca 2+ at room temperature. Cells were selected for study based on the appearance of normal striations, absence of spontaneous contraction, and elongated appearance in the presence of 2 mM Ca 2+ . The composition of the Tyrode's solution used in these experiments was as follows (mM): 135 NaCl, 10 glucose, 10 HE-PES, 4 KCl, 1 MgCl 2 , 0.33 Na 2 HPO 4 , 2 Ca 2+ , pH 7.3. Tyrode's solution was not oxygenated for single cell studies because the oxygen content and tissue diusion has been found to be sucient for single cells and cell isolation. Cell length and width were measured with a linear ocular grid. Cell diameter was taken at the level of the centrally located nucleus in the mid-region of the myocyte.
Electrophysiological measurements
Whole cell calcium currents (I Ca ) were recorded from isolated myocytes from control and failing hearts using standard whole cell voltage clamp techniques, as previously described (Ellingsen et al. 1993) . Pipettes were made from borosilicate glass (WP Instruments) with a ®lled tip resistance of 3±5 MW. Membrane voltages were computer software controlled (pClamp, Axon Instruments) and whole cell currents were ampli®ed and then ®ltered at 5 kHz (Axopatch 1-C ampli®er, Axon Instruments). Currents were then stored on the computer for later analysis. Whole cell currents were initially recorded during superfusion with a modi®ed Tyrode's solution containing (mM): 135 NaCl, 10 glucose, 10 HEPES, 4 KCl, 1 MgCl 2 , 1.8 CaCl 2 , pH 7.4, adjusted with NaOH at room temperature. No oxygenation was used because oxygen content and diusion is sucient for isolated myocyte studies. After establishing whole cell con®guration and adjusting for series resistance, current stability was assessed by a double-pulse protocol, in which membrane voltage was stepped from a holding potential of )80 mV to )40 mV for 50 ms, and then to 0 mV for 50 ms. These voltages were chosen to selectively activate Na + currents and I Ca , respectively. When holding current and ionic currents were stable, a Na + -free/K + -free solution was applied through a multi-barrelled pipette placed within 300 lm of the cell, which permitted rapid changes of extracellular solution. Unless otherwise stated, this extracellular solution contained (mM): 135 choline-Cl, 10 glucose, 10 HEPES, 1 MgCl 2 , 1.8 CaCl 2 , pH 7.4, adjusted with CsOH (Tseng and Boyden 1991) . Cells were internally dialyzed with a pipette solution designed to block outward K + -currents and to maintain low intracellular Cl ) concentration (mM): 120 Cs-aspartate, 10 Cs 2 -EGTA, 4 MgATP, 10 HEPES, pH 7.2, adjusted with CsOH (Sen et al. 1990 ). It was determined that choline did not exert cholinergic eects since superfusing a subset of cells with 135 mM TEA (in lieu of choline) did not alter I Ca .
Inward currents were activated by altering the membrane voltage, from an holding potential of )80 mV to +40 mV in 10 mV steps, with an interpulse interval of 10 s. It was determined that Ca 2+ was the predominant charge carrier through the L-type Ca 2+ -channel based on the dependence of I Ca on extracellular Ca 2+ , its sensitivity to both the L-type channel agonist Bay K 8644 (1 lM) and to cadmium (100 lM), and its insensitivity to tetrodotoxin (15 lM).
To ascertain whether these cells possessed T-type Ca
2+ -currents, current-voltage (I-V) relationships were also recorded in some cells from an holding potential of )50 mV; the I-V curves were then subtracted from currents measured from an holding potential of )80 mV. No evidence for T-type currents was found. Measurements for leak current subtraction were routinely recorded with a small hyperpolarizing step ()10 mV from holding potential) following each voltage step protocol and leak subtraction was done post hoc. Data from cells with a holding current greater than 5% of the peak current amplitude were excluded from the analyses because leak subtraction would substantially alter peak amplitude values. Cell size was estimated in two ways: linear dimensions and cell capacitance. Cell capacitance (an index used to normalize current for cell size) was estimated by integrating the capacitance transient and dividing by the voltage step ()80 mV to )90 mV).
Intracellular calcium determination and cell shortening
A SPEX CM2 dual excitation spectro¯uorometer (SPEX Industries, Edison, N.J.) was used to assess intracellular Ca 2+¯u orescence in myocytes isolated from control animals (n 5 hearts) and animals with heart failure (n 5 hearts). Myocytes were loaded with fura-2/AM (molecular probes) by incubating cells plated on individual coverslips in a 3-lM fura-2 solution for 10 min in the dark at room temperature. The fura-2 loading solution was made from a 1-mM stock solution dissolved in DMSO and suspended by sonication in a superfusion buer containing 0.2% BSA. Coverslips with myocytes attached were placed in a light-sealed, heated (37°C) chamber mounted on a Nikon diaphot inverted microscope and superfused with a HEPES-buered solution at a rate of 20 ml/h. Cells were washed with the modi®ed Tyrode's solution (see above) and allowed to equilibrate for at least 15 min prior to recording¯uorescence emissions (505 nm) elicited from alternating excitation wavelengths (340 nm and 380 nm). Field stimulation was used to induce cells to contract. A single cell was illuminated with light through a red ®lter, and cell shortening/re-lengthening was assessed by video-optical detection. Photon counts were collected every 5 ms. One cell from each heart was studied after loading with fura-2/AM.
Action potential measurements
Action potentials were recorded from isolated ventricular myocytes (Ellingsen et al. 1993) . The myocytes were placed in a 1-ml perfusion chamber and mounted on an inverted microscope. The chamber and superfusion solution (physiological Tyrode's solution, see above) were maintained at room temperature. Action potentials were recorded in a whole cell con®guration (current clamp mode) after internally dialyzing myocytes with a K + -asparate solution with the following composition (mM): 120 K + -asparate, 30 KCl, 5 NaCl, 4 MgATP, 10 HEPES, 0.2 EGTA, pH 7.2, adjusted with KOH. Initially, current injection was used to stabilize the membrane potential. After switching o the holding current, a brief (5 ms) depolarizing pulse (1 nA) was used to elicit an action potential at various frequencies. Membrane potentials were recorded with an Axopatch ampli®er and digitized recordings were stored (pCLAMP) for later o-line analysis. Resting membrane potential (RMP), overshoot (OS), and action potential duration at 50% (APD 50 ) and at 75% (APD 75 ) repolarization were determined.
Isolated muscle
Isolated muscles were dissected free from the left ventricle of hearts from control animals (n 5) and animals with heart failure (n 5) . One muscle was studied using an organ bath technique and the second muscle was loaded with the intracellular calcium indicator aequorin. The muscles were attached at one end to a force transducer while the other end was attached to a small muscle clamp and placed in a muscle bath. The muscle was continuously superfused with oxygenated Kreb's solution. The bath volume was 25 ml, which was replaced hourly. Muscles were stimulated to contract at 1 Hz via a punctate electrode located at the base of the muscle which delivered a square wave pulse of 5 ms duration at threshold voltage. The preparation was allowed to equilibrate for 1 h during which time the muscle was stretched in small increments with a micromanipulator until no further increase in peak twitch force was observed (L max ). Experiments were performed at 37°C using a standard Kreb's solution (see above). Time course was measured from peak isometric twitch force to 80% relaxation, and the total time course was taken from initiation of contraction to the return to baseline. Bay K 8644 concentrationresponse relationships were determined by cumulatively adding increasing concentrations to a ®xed bath volume. All force and time course measurements were made at steady-state. The means SEM were derived and the Student's t-test applied. Parametric one-way analysis of variance (ANOVA) with repeated measures was used to compare concentration response studies.
Intracellular calcium determination in multicellular preparations
Isolated muscle preparations were handled as previously described . The bioluminescence calcium indicator aequorin was loaded in isolated muscles from the left ventricle of control and failing hearts, as previously described (Pesaturo and Gwathmey 1990) . Brie¯y, isolated muscles were placed in a calcium-free solution at 20°C and then loaded by macro-injection with aequorin. Calcium was then slowly re-added to the bath and the temperature was slowly returned to 37°C. Muscles used in aequorin experiments were from the same hearts as muscles used for isolated muscle organ bath studies (n 5 per experimental group).
Radioligand binding
Dihydropyridine-DHP binding studies were carried out as described previously (Chapados et al. 1992; Davido et al. 1997; Gruver et al. 1993; Ogawa et al. 1992; Scatchard 1949) . A crude ventricular homogenate was placed into ice-cold buer containing (mM): 50 HEPES, 1 MgCl 2 , 1 EDTA, pH 7.4. The buer also contained protease inhibitors: 2 lg/ml leupeptin, 1 lg/ml aprotinin, 0.1 mM benzamidine, 1 lM iodoacetamide, 10 lg/ml trypsin inhibitor, and 1 lg/ml pepstatin. Cells were then disrupted with an ice-cold sonicator (2´30 s), resulting in an homogenate that was suspended in the same ice-cold buer, and 3H-(+)PN200-110 (isradipine 8 concentrations in the range of 100±3500 pM) was carried out in the presence or absence of 10 )6 M unlabeled nitrendipine at 37°C for 30 min. Binding was terminated by rapid ®ltration through Whatman GF/B ®lters using a Brandell cell harvester. Bound radioactivity was determined by liquid scintillation spectrometry (LKB Wallac). The ligand-binding data were analyzed by a modi®cation of LIGAND program with a Micro-VAX computer as previously described (Marsh and Smith 1985) . Nonspeci®c binding was <15% of total binding near the dihydropyridine dissociation constant (K d ) (Chapados et al. 1992; Gruver et al. 1993 ) Nonspeci®c biding was de®ned with unlabeled 1´10
)6 M nitrendipine (Chapados et al. 1992; Gruver et al. 1993 ). Protein determination was by the Lowry method (Lowry et al. 1991) .
Chemicals
Type 2 collagenase (for myocyte isolation) was purchased from Worthington Biochemical Corporation (Freehold, N.J.), and fura-2/AM from Molecular Probes (Eugene, Ore.). PN200-110 and nitrendipine were generously supplied by Dr. James Marsh, Wayne State University, Detroit, Michigan. Bay K 8644 and all other chemicals were purchased from Sigma Chemicals (St. Louis, Mo.) and were of the highest analytical grade.
Statistical analysis
Ten animals were included in each group (control and Fz-treated) . At the time of study ®ve animals from each group were randomly selected for study using the isolated myocyte technique. Cell shortening and intracellular calcium transients were recorded in one cell from each heart. The remaining ®ve animals in each group were used for isolated muscle studies and radioligand binding assays. Two muscles were dissected free from each heart. One muscle was studied using standard muscle bath techniques and the second muscle was studied using the aequorin technique. Data from ®ve muscles in each group were pooled. Data from isolated myocyte studies were pooled by group (control vs. failing). A mean SEM was derived and the Student's t-test applied. For small sample sizes comparisons between two groups were made using a non-parametric t-test (Wilcoxin Rank Sum). For the current voltage relationships only peak calcium currents were evaluated. The distributions of the continuous variables were checked for normality and ANOVA with repeated measures was applied to dose response relationships. A P value <0.05 was considered signi®-cant. Table 1 shows the heart weights (HW), body weights (BW), and heart weight/body weight (HW/BW) ratio for non-failing (n 5) and failing hearts (n 5) used for isolated myocyte studies. There was a signi®cant increase in HW for animals with heart failure compared to control animals. There was a signi®cant decrease in BW and an increase in the HW/BW ratio. Similar changes were seen in these parameters in hearts used for isolated muscle and radioligand binding studies (data not shown). The cell width was signi®cantly greater in myocytes isolated from failing ventricular myocardium without changes in cell length (Table 2 ). There was a tendency toward increased cell capacitance and shortened length in myocytes from failing hearts, but these parameters did not reach statistical signi®cance (P 0.071).
Results
We ®rst addressed the question whether ventricular myocytes from turkey myocardium demonstrated similar action potential con®gurations as seen in mammalian species. Figure 1 illustrates representative action potentials from control and failing turkey hearts. Similar to other reports in hypertrophied or failing mammalian myocardium, human and non-human, APD 50 and APD 75 were signi®cantly longer in myocytes from failing ventricular myocardium compared to control myocardium, but the overshoot of the action potential was also signi®cantly higher in myocytes from failing hearts (Table 3) . There was no dierence in resting membrane potential between myocytes from non-failing and failing hearts (Table 3 ). Preliminary data suggest that prolonged action potentials in myocytes from failing hearts may be related to depressed outward potassium currents because after recording action potentials, the whole cell con®guration was switched to a voltage step protocol and the outward current was measured. With increasing frequency of stimulation, the action potential duration in myocytes from failed hearts became unstable and never reached steady-state (data not shown).
Failing myocardium has been reported to have a longer duration of contraction and relaxation and a negative force-interval relationship in multicellular preparations Hajjar et al. 1993; Hasenfuss et al. 1994; Mulieri et al. 1992; Pieske et al. 1995; Schmidt et al. 1998; Schwinger et al. 1995) . Peak twitch force in isolated muscle preparations was also not dierent between non-failing and failing muscle preparations at 1.0 Hz stimulation rate [1.8 0.4 g/mm 2 and 2.1 0.7 g/mm 2 for non-failing (n 10; ®ve aequorin loaded and ®ve non-aequorin loaded) and failing muscles (n 10; ®ve aequorin loaded and ®ve non-aequorin . Isolated myocytes aorded us the opportunity to study cell shortening and time course changes in the absence of diusional constraints, core-hypoxia, and the presence of an extracellular matrix. We used cell shortening in isolated myocytes as a surrogate marker for force production as it has been previously shown to correlate with ®ndings in multicellular preparations (Hajjar et al. 1997a, b) . We increased the frequency of stimulation in isolated myocytes from non-failing and failing ventricular myocardium as demonstrated in Fig. 2 . At lower stimulation rates, peak shortening was similar for myocytes isolated in non-failing (n 5) and failing hearts (n 5). Myocytes from non-failing ventricular myocardium (n 5) demonstrated an increase in peak shortening with increased frequency of stimulation. Myocytes isolated from failing ventricular myocardium (n 5) demonstrated a negative or blunted force-frequency relationship, in which higher frequencies of stimulation resulted in either a decreased peak shortening or no further increase in peak shortening. The time course of shortening and relaxation was prolonged in myocytes isolated from failing turkey hearts compared to myocytes isolated from non-failing myocardium (Fig. 2) . The intracellular calcium transient was also prolonged in myocytes from failing hearts (Fig. 2) . The eects of frequency perturbation on myocyte shortening were similar to our ®nd-ings in multicellular preparations in our animal model of heart failure . We have previously reported that at higher stimulation rates, muscles from failing hearts demonstrated a negative force-interval relationship .
We next addressed whether there was a dierence in peak [Ca 2+ ] i as has been reported in several animal models of heart failure . As illustrated in Fig. 3 , peak [Ca 2+ ] i (1.2 0.1 lM) was similar in control and failing muscles (1.1 0.2 lM) and within the normal ranges reported for other mammal species. Peak systolic Ca 2+ appeared to be similar in non-failing and failing ventricular myocardium at 1.0 Hz stimulation rate, however, the time course of the calcium transient decay was prolonged in myocardium from failing hearts (Figs. 2, 3 ). Time to 80% relaxation was 163 1.7 ms and 189 4.3 ms, P < 0.001 for control (n 5) and failing myocardium (n 5), respectively. We have previously shown that SR Ca 2+ ATPase activity is reduced in this model of heart failure (Genao et al. 1996; Hajjar et al. 1993) . It might be expected that peak systolic Ca 2+ is reduced in this heart failure model because SR Ca 2+ ATPase activity is diminished. However, since peak systolic [Ca 2+ ] i was similar in non-failing and failing multicellular preparations, we hypothesized that prolonged APD and similar peak cytosolic calcium transients might be due to increased in¯ux of calcium through more L-type calcium channels. We therefore performed dihydropyridine DHP-radioligand binding assays to determine the number of L-type calcium channels. Dihydropyridine DHP binding assays demonstrated no dierence in calcium channel number (B max 193.6 26.8 fmol/mg protein vs. 181.7 22.7 fmol/mg protein) for control and heart failure groups, respectively. The K d between groups also was not dierent (59.7 10.7 pM vs. 52.3 7.0 pM) for control and heart failure, respectively.
Although dihydropyridine DHP-binding is thought to re¯ect calcium channel density, it does not provide information on calcium channel function (Gruver et al. 1993) . We therefore addressed whether the calcium current might be dierent between isolated myocytes from non-failing and failing ventricular myocardium and contribute to the larger action potential duration. As shown in Fig. 4A , the I-V relationship was not different for myocytes isolated from control and failing ventricular myocardium. Furthermore, the peak calcium current amplitude was not dierent between failing Open squares are muscles from failing hearts, closed squares are muscles from control hearts. B Bay K 8644 concentration-response relationship in muscles isolated from nonfailing (n 5) and failing hearts (n 5). Open circles are muscle strips from control non-failing hearts. Closed circles are muscle strips from failing hearts ()9.6 1.4 pA/pF, n 23) and non-failing ()7.52 0.80 pA/pF, n 27) myocytes (Fig 4B) .
We have previously demonstrated that peak contractile force is similar for muscle preparations from non-failing and failing hearts at lower frequencies of stimulation . Increasing extracellular calcium concentrations ([Ca 2+ ] o ) have been reported to shift the negative force interval relationship to lower frequencies and worsen contractility at higher frequencies . We therefore increased [Ca 2+ ] i by exposing muscles (n 5 per experimental group) to increasing concentrations of Bay K 8644 (1,4-Dihydro-2,6-dimethyl-5-nitro-4- [tri¯uoromethyl] phenyl]pyridine-3-carboxylic acid methyl ester), a dihydropyridine DHP calcium-channel agonist that increases the duration of the open state of L-type calcium channels. We addressed the question whether in¯ux of calcium through voltagedependent calcium channels would dierentially alter force development in myocardium isolated from nonfailing and failing hearts. As shown in Fig. 5 , the concentration-response relationship was shifted to the left (i.e., lower Bay K 8644 concentration) for muscle strips isolated from failing ventricular myocardium. Bay K 8644 resulted in a 40 2% increase in peak twitch force in myocardium from failing hearts and 25 4% in control myocardium (P 0.01).
In response to increasing concentrations of Bay K 8644, time to 80% relaxation (t 80 ) did not change in muscle preparations isolated from non-failing ventricular myocardium (Fig. 6) , nor did it aect the total time course of contraction in non-failing preparations (Fig. 7) . In contrast to non-failing myocardium, t 80 showed a dose-dependent increase with Bay K 8644 in failing ventricular myocardium (Fig. 6) . As a result of a slowing of muscle relaxation, there was a signi®cant increase in the total time course of contraction-relaxation in isolated muscles from failing hearts (Fig. 7) . Regression analysis revealed a positive correlation between total time course and t 80 relaxation and force for muscles from failing hearts (using Pearson's Correlation an R value of 0.88) and a negative correlation for control muscle preparations (R 0.05).
Discussion
Excitation±contraction coupling in the heart is initiated when an electrical event (the action potential) results in the opening of L-type calcium channels allowing a small amount of calcium to cross the sarcolemma through voltage-dependent calcium channels (Fig. 8 ). There are also T type calcium channels that are thought to potentially play a role in generating pace-maker activity and are poorly de®ned in cardiac ventricular muscle. Calcium entering through L-type calcium channels induces the release of a much larger amount of calcium from the SR through ryanodine receptors (1±10 lM). This is referred to as calcium-induced calcium release and was ®rst reported by Fabiato (1983) . Although recently it has been demonstrated that ryanodine receptors may be clustered close to voltage-dependent calcium channels, calcium-induced calcium release is still thought to initiate muscle contraction (Gomez et al. 1997; Shorofsky et al. 1996 Shorofsky et al. , 1997 Shorofsky et al. , 1998a Shorofsky et al. , b, 1999 . The Fig. 6 The eect of increasing concentrations of Bay K 8644 (starting at 3´10
)9 M) on the time to 80% (t 80 ) relaxation in multicellular preparations from control (n 5) and failing hearts (n 5). Open circles are multicellular preparations from control non-failing hearts; closed circles are multicellular preparations from failing hearts. Temperature 37°C, at 1.0 Hz stimulation rate Fig. 7 The eect of increasing concentrations of Bay K 8644 on the total time course in multicellular preparations from control (n 5) and failing hearts (n 5). Open circles are multicellular preparations from control non-failing hearts; closed circles are multicellular preparations from failing hearts. Temperature 37°C, at 1.0 Hz stimulation rate large amount of calcium released from the SR quickly binds to troponin C, the calcium-binding regulatory protein on the thin myo®laments, inducing conformational changes in the regulatory thin ®laments interacting with the thick myo®laments. This results in force production. Relaxation occurs when calcium dissociates from the myo®laments and is re-sequestered into the SR via the SR Ca 2+ ATPase pump. The re-sequestered calcium is thought to require a restitution period before it is available for re-release (Gwathmey 1991) . Resting levels of intracellular calcium are further restored by calcium extrusion via the sodium-calcium exchanger (low anity but high capacity) and the sarcolemmal Ca 2+ ATPase (high anity but low capacity). An energy-requiring pump, the sodium-potassium ATPase, located in the sarcolemma maintains intracellular sodium homeostasis. Inhibition of the pump by digoxin, for example, results in sodium accumulation and activation of the sodium-calcium exchanger operating in a reverse mode with calcium being transported from the extracellular space into the cell. We studied the relationship of several key steps in the excitation-contraction coupling scheme (e.g., SR calcium release, SR Ca 2+ ATPase activity, action potential duration, L-type calcium current) in order to better understand myocardial contractile activation in non-failing and failing avian myocardium.
Failing myocardium in many animal models and in human myocardium has been demonstrated to have changes in action potential durations, contraction/relaxation parameters, time courses of the calcium transient, and in the force-interval relationships Liao et al. 1996; Nascimben et al. 1996) . However, changes in these characteristics of heart failure appear to be model dependent . Even within models, there may be dierences with regard to age at which the stress is induced and the degree and extent of the cardiac stress (Gwathmey and Morgan 1985, 1993; Gwathmey et al. 1995) . Also, there can be profoundly dierent experimental results due to the methods used to induce heart failure (Fan et al. 1997; Gwathmey and Morgan 1985, 1993; Gwathmey et al. 1995) . In animal models and in diseased human tissue, the disease processes may not be uniformly distributed. In studying diseased human myocardium, in particular, the time and course of disease, and the typical duration of therapeutic interventions cannot be controlled. Wellcharacterized animal models of heart failure, therefore, aord the advantage of being able to control for key variables and to investigate the pathophysiology of the disease.
Until recently, the individual processes that deter- Feldman et al. (1987) et Finkel et al. 1987; Pfeer and Frohlich 1973; Sen and Smith 1994; Sen et al. 1990 ). Rodent models, like all animal models, however, have limitations Gwathmey and Davido 1993, 1994) . One clinically relevant problem is that rats have a natural negative force interval relationship making extrapolations to the human condition dicult. Variable results have been reported with regard to peak and end-diastolic calcium concentrations in several rodent models of heart failure . However, to date observations in failing human myocardium have been con®rmed in our avian model including this report on changes in intracellular calcium concentration, calcium kinetics, twitch time course, force-frequency response, and action potential duration. However, most animal models of heart failure demonstrate an increase in HW/BW ratios, myocardial hypertrophy and biventricular enlargement Gwathmey and Davido 1993, 1994) .
We have developed an avian model of heart failure that appears to mimic the condition seen in human myocardium at the biochemical and functional levels . We have demonstrated in our model that there is biventricular dilatation, an increase in HW/ BW ratio, and overt heart failure. There is also an increase in the circulating levels of catecholamines, and decreased myo®brillar ATPase activity, myocardial energetics, and SR Ca 2+ ATPase activity Gwathmey et al. 1999; Hajjar et al. 1993) . We therefore wanted to know whether this model presented with changes in the action potential duration, calcium current, and peak [Ca 2+ ] i that would impact myocardial contractility as reported in failing human myocardium and other animal models of heart failure.
We have demonstrated for the ®rst time that in isolated myocytes from failing avian hearts, the action potential is prolonged similar to reports in human myocardium . The action potential duration has previously been reported to be shortened in the genetic model of heart failure in turkeys (Einzig et al. 1981) . As reported by investigators in myocytes isolated from failing human hearts, there was no dierence in the peak calcium current or I-V relationship (Beuckelmann et al. 1991 (Beuckelmann et al. , 1992 . Calcium current density was 7.52 0.8 pA/pF vs. 9.6 1.4 pA/pF for control vs. heart failure groups, respectively. This trend towards higher calcium current density (but not statistically higher) has also been noted in human myocytes (Beuckelmann et al. 1991 (Beuckelmann et al. , 1992 . The prolonged action potential appeared to be the result of changes in the potassium current.
Dihydropyridine calcium-binding studies revealed no change in K d or the number of dihydropyridine-DHP binding sites (B max ), similar to ®ndings in failing human myocardium (Gruver et al. 1994; Rasmussen et al. 1990 ). In our study, the number of dihydropyridine-DHP binding sites has been taken as a surrogate measure of the number of functional calcium channels. It may identify nascent calcium channels as well as functional calcium channels in the sarcolemmal membrane (Marsh and Smith 1991) . Therefore, dierences in APD seen in this model of heart failure most likely reect other cellular events such as changes in the outward K + current or prolonged calcium in¯ux through the sodium-calcium exchanger. Alternatively, there may be dierences in intracellular regulation of calcium currents (e.g., extent of phosphorylation). We utilized a whole cell (dialyzed) con®guration in order to ascertain maximal available calcium currents, however, using a perforated patch clamp method may reveal dierences between non-failing and failing myocytes. We have previously shown that changes in the dierences in contractile activation in an avian model of idiopathic dilated cardiomyopathy cannot be directly attributed to calcium channel number (Gruver et al. 1993 ). In this model, there appears to be a complex relationship between calcium channel number and contractile dysfunction (Gruver et al. 1993) .
Dierences in contractile activation, i.e., slower time courses, in failing ventricular myocardium seen in turkey poults were associated with prolonged action potential durations and a slower time course of the intracellular calcium transients. A slower rate of SR Ca 2+ uptake and/or decrease in sodium-calcium exchange could explain the prolonged twitch and intracellular calcium transient. Furthermore, prolongation in action potential duration alone could account for longer twitches and calcium transients. We have previously shown that SR Ca 2+ ATPase activity is signi®cantly reduced in myocardium from animals with heart failure Hajjar et al. 1993 ). We have not, to date, studied the sodium-calcium exchange activity in these hearts. In a recent report in human myocardium, sodium-calcium exchange activity has been implicated in the prolongation of the calcium transient seen in human heart failure (Dipla et al. 1999) , as well as in other animal models Winslow et al. 1999) .
A dissociation between calcium current and SR Ca 2+ release has recently been suggested (Gomez et al. 1997 ).
The current hypothesis by which excitation is coupled to contractility in the heart involves calcium-induced calcium release and the gain between calcium current density and ryanodine receptors (Fabiato 1983) . The observation that calcium entry through L-type calcium channels appears to be a major trigger for SR calcium release invokes several important questions in the setting of heart failure. Recent data suggests that SR calcium release is controlled by events localized to the voltagedependent calcium current and SR calcium-release channel (ryanodine receptors). It has been suggested that the whole-cell L-type calcium current and whole-cell calcium transient may be sensitive to calcium entry and [Ca 2+ ] i at the clustering of L-type calcium channels and ryanodine receptors (Gomez et al. 1997; Shorofsky et al. 1996 Shorofsky et al. , 1997 Shorofsky et al. , 1998b .
We found that Bay K 8644 (which prolongs the open state of calcium channels) results in greater force development in ventricular strips from failing hearts (40 2% increase in force in muscle from failing hearts as compared to 25 4% increase in control myocardium). The leftward shift on the Bay K 8644 concentration axis would suggest an increase in calcium current density and/or increase in the number of calcium channels. However, the peak calcium current density was the same between failing and non-failing myocardium and the number of calcium channels (as determined by radioligand binding studies) was not changed. This leftward shift in response to Bay K 8644 most likely re¯ects enhanced contractile activation as a result of longer durations for calcium-myo®lament interactions Perez et al. 1999; Schmidt et al. 1998; Yue 1987; Yue and Wier 1985; Yue et al. 1986 ), perhaps resulting from prolonged SR Ca 2+ release. This would be consistent with the observations that Bay K 8644 enhances contractile force and prolongs relaxation in avian failing myocardium. This hypothesis is supported by the slowed contraction±relaxation time courses seen only in the failing ventricular myocardium, as well as, prolonged t 80 in a concentration-dependent manner to Bay K 8644.
We found that peak systolic [Ca 2+ ] i is similar for non-failing and failing myocardium when peak twitch force is the same (i.e., at lower frequencies of stimulation). It is only at higher stimulus frequencies that depressed myocardial contractility is observed and peak intracellular calcium concentration is reduced in the presence of elevated diastolic calcium concentrations (Schmidt et al. 1998) . We have also shown that at higher stimulus frequencies with failing human myocardium, there is progressive abbreviation in APD as opposed to the abbreviation seen in non-failing myocardium that stabilizes at a set frequency and APD (Gwathmey et al. 1988) . Similarly, we found that APD was dynamically changed in response to stimulus frequency perturbation in failed avian myocardium, such that APD did not reach steady-state at higher frequencies. We therefore propose that the gain between calcium current and SR calcium release can be modi®ed by physiological stresses, e.g., frequency perturbations, and therefore might be dynamically altered (Gwathmey et al. , 1995 . Therefore, the hypothesis of changes in gain between the two parameters as being ®xed and being involved in the transition to heart failure may have to be rethought in light of the observations in our animal model and human heart failure where contractile failure is a dynamic process.
In conclusion, as reported in failing human hearts and in several other mammalian models of heart failure, there is prolongation of the intracellular calcium transient and action potential duration due to depressed transient outward potassium currents in this avian model. Also similar to reports in failing human myocardium, there is no dierence in the current-voltage relationship of the calcium current or peak [Ca 2+ ] i at lower stimulation rates. Furthermore, the negative force-interval relationship reported in multicellular preparations can be demonstrated in isolated myocytes , again similar to studies in human myocardium.
Normal levels of peak calcium current in the setting of prolonged action potential durations in failing myocardium could potentiate SR Ca 2+ release and generate greater contractile forces because of slowed [Ca 2+ ] i mobilization. Whether there is a dierence in the gain between calcium channels and the ryanodine receptors that dynamically alters SR Ca 2+ release in the setting of heart failure, remains to be the determined.
